Thermal energy storage for concentrating solar thermal power (CSP) plants can help in overcoming the intermittency of the solar resource and also reduce the levelized cost of energy (LCOE) by utilizing the power block for extended periods of time. In general, heat can be stored in the form of sensible heat, latent heat and thermo-chemical reactions. This paper describes the development of a cost effective latent heat storage TES at the University of South Florida (USF).
Introduction
Concentrated solar thermal power (also called concentrating solar power and CSP) systems use mirrors to concentrate sunlight from a large area to a small area where it is absorbed and converted to heat at high temperatures. The high temperature heat is then used to drive a power block (usually a steam turbine connected to an electrical power generator) similar to the power block of a conventional thermal power plant. A major advantage of CSP plants over solar photovoltaic (PV) power plants is that CSP plants may be coupled with conventional fuels and can utilize thermal energy storage (TES) to overcome the intermittency of solar energy.
TES systems can collect energy during sunshine hours and store it in order to shift its delivery to a later time or to smooth out plant output during cloudy weather conditions. Hence, the operation of a solar thermal power plant can be extended beyond periods of no solar radiation without the need to burn fossil fuels. Energy storage not only reduces the mismatch between supply and demand but also improves the performance and reliability of energy systems and plays an important role in conserving energy [1] . By extending the hours of usage of the power block beyond the sunshine hours a TES system can reduce the Levelized Cost of Energy (LCOE) for the plant. Several thermal energy storage technologies that have been implemented for CSP plants are mainly two-tank and single-tank systems. In a two-tank system, the fluid is stored in two tanks, one at a high temperature and the other at a low temperature. Fluid from the lowtemperature tank flows through the solar collector or receiver, where solar energy heats it to a high temperature and it then flows to the high-temperature tank for storage. Fluid from the hightemperature tank flows through a heat exchanger, where it generates steam for electricity production. The fluid exits the heat exchanger at a low temperature and returns to the lowtemperature tank. These systems are called two-tank direct systems. An indirect system, on the other hand, uses different fluids for heat-transfer and storage. An indirect system is used in plants in which the heat-transfer fluid is too expensive or not suited for use as the storage fluid. The storage fluid from the low-temperature tank flows through an extra heat exchanger, where it is heated by the high-temperature heat-transfer fluid. The high-temperature storage fluid then flows back to the high-temperature storage tank. The fluid exits this heat exchanger at a low temperature and returns to the solar collector or receiver, where it is heated back to a high temperature. Storage fluid from the high-temperature tank is used to generate steam in the same manner as the two-tank direct system. The indirect system requires an extra heat exchanger, which increases system cost. Figure 1 shows a two-tank thermal energy storage system integrated into a parabolic trough power plant [2] . Single-tank systems, mostly thermocline systems store thermal energy in a solid medium, most commonly silica sand, in a single tank (Figure 2 ). At any time during operation, the top part of the medium is at high temperature, and the bottom part is at low temperature. The hot-and cold-temperature regions are separated by a temperature gradient or thermocline. Hightemperature heat-transfer fluid flows into the top of the thermocline and exits the bottom at low temperature. This process moves the thermocline downward and adds thermal energy to the system for storage. Reversing the flow moves the thermocline upward and removes thermal energy from the system to generate steam. Buoyancy effects create thermal stratification of the fluid within the tank, which helps to stabilize and maintain the thermocline. Using a solid storage medium and only needing one tank reduces the cost of this system relative to the two-tank systems. This system was demonstrated at the Solar One central receiver CSP system in California, where steam was used as the heat-transfer fluid and mineral oil was used as the storage fluid. A thermal energy storage system is a key component of CSP plants; however it is one of the least researched elements with only a few tested high temperature thermal energy storage systems in the world. Important criteria for designing a thermal energy storage system include the cost of the system, operating range of temperatures, maximum load or energy to be stored, operational strategy and the ease with which the system can be integrated into the power plant.
Technically the TES system should meet the following criteria [3] :
 have high energy density or heat storage capacity;  a mechanically and chemically stable storage medium (must be able to store and give heat for number of cycles without any degradation);  good heat transfer between the heat transfer fluid (HTF) and the storage medium, (for fast heating and cooling of the system);
 compatibility between the heat exchanger, heat transfer fluid and storage medium;  complete reversibility or be able to store maximum energy and provide that energy for reuse and revert to the initial state;
 minimum thermal losses.
The present CSP power plants that incorporate energy storage use a two tank sensible heat storage system based on synthetic oil or molten salts. The current near-term TES option has a unit cost of more than $30 to $40/kWh th depending on storage capacity [4] . Other materials such as rocks, metals, or concrete [5] [6] [7] [8] have been proposed but some are too expensive while others have technical problems at very high temperatures. The US Department of Energy has established a target to reduce the capital cost TES for CSP to less than $10/kWh th. An LCOE analysis of a CSP plant based on current CSP costs and $30/kWh th cost of TES using the SAM model developed by NREL [9] shows that a TES system with 16 hour storage capacity can reduce the LCOE for a plant located in Daggett, California by more than 20% (Figure 3) . If the cost of TES goes down to $10/kWh th the LCOE will be reduced by more than 30% ( Figure 4 ). This article presents a summary of current thermal energy storage systems being used or researched and a novel approach that is being researched at the University of South Florida in the development of low cost thermal storage systems with a target cost of less than $15/kWh th . 
Thermal Energy Storage Materials
A major classification of TES systems is based on the type of storage material used. Heat can be stored in the form of sensible, latent and thermochemical energy.
Sensible heat storage
Sensible heat storage is achieved by raising the temperature of a material -liquids such as water, oil-based liquids, molten salts etc. or solids such as rocks, metals, and others. The amount of heat stored is a function of the medium's heat capacity and is linearly dependent on the temperature increase. The larger the difference between the high temperature and low temperature system, the higher is the heat stored by the material. All of the currently installed thermal energy storage systems in solar thermal electric plants store energy use sensible heat.
The current systems use two-tanks with either oil or molten salt. Both oil and molten salt systems were found to be technically feasible.
The SEGS I (Solar Electric Generating System I in California) storage system included a direct two-tank thermal energy storage system with three hours of full-load storage capacity.
SEGS I operated between 1985 and 1989 [9] . This system used a mineral oil (Caloria) HTF to store energy. The oil temperature was 307 0 C in the hot tank and 240 0 C in the cold tank with the oil representing 42% of the TES investment cost [3] . The mineral oil used in SEGS I was very flammable, which was the main handicap for use as HTF in plants with higher operating temperatures. When the operating temperatures were increased to 400 0 C, the cost of the synthetic oil (that was stable at such high temperatures) was approximately eight times higher than the SEGS I oil. The cost and other important considerations like total system investment, very large tank size requirements, and inflexibility, compared to a back-up system, made oil usage infeasible in later SEGS plants. Alternate concepts that were considered by researchers include sensible heat storage in solid media like concrete [11, 12] . The advantage of concrete systems is low cost of the storage medium. The disadvantages are large volumes, increased costs of heat exchangers and engineering. Table 1 shows some commonly used solid and liquid sensible heat storage media and the heat stored in them for a 100 0 C temperature rise. 
Latent Heat Thermal Storage (LHTS)
Storage systems based on PCMs can be smaller, more efficient and provide a lower cost alternative to sensible thermal storage systems. There have been many studies on solar TES systems using PCMs [12, [14] [15] [16] . Of the different forms of phase change processes, the solid- PCMs, their melting point and the heat stored by them for a 100 0 C temperature rise are shown in Table 2 . It is important for the TES system to have good heat transfer between the HTF and storage media, and also to have fast charging and discharging capability. Though PCMs can store large amounts of heat, most of them have low thermal conductivity which leads to slow charging and discharging rates. This problem can be overcome by improving the effective thermal conductivity of the PCMs which can be achieved by [17] :
1.
Adding materials with high thermal conductivity to pure PCM;
2.
Forming small macro capsules of PCM and enhancing convective heat transfer by submerging the PCM capsules in a liquid.
Several methods [14, [18] [19] [20] employed by researchers to enhance the heat transfer in PCMs include using extended surfaces, employing multiple PCM's, thermal conductivity enhancement using metallic structures, PCM impregnated foams, dispersion of highly conductive particles and encapsulation of PCM. Figure 5 shows some methods used for enhancing the heat transfer in PCM thermal storage systems. Other problems with using PCMs include supercooling, large volumetric changes during phase transition and incongruent melting. Moreover, some of the PCMs such as salts are corrosive in nature.
Storage using chemical reactions
Storage by means of chemical reactions has also been considered by many researchers for a wide range of temperatures [21] using reversible endothermic/exothermic reactions. Drawbacks may include complexity, cyclability, uncertainties in the thermodynamic properties of the reaction components and of the reaction kinetics under a wide range of operating conditions, high cost, toxicity, and flammability. Table 3 lists some thermochemical reactions that can be used for thermochemical heat storage. [27] n.a.
Implementation of storage technologies in CSP plants suffers from these bottlenecks.
Hence, there is a need for developing an efficient TES system for achieving a cost-effective solution for successful implementation in solar power plants on a large scale. Based on the review of the available options, PCM storage can provide a cost-effective solution, provided that industrially scalable containment is developed and the heat transfer enhancement can be achieved at low cost. With this motivation, an innovative method to produce low cost high temperature phase change material capsules is being developed at the USF Clean Energy
Research Center, University of South Florida. These capsules are formed by encapsulating PCMs of interest in a coating material that melts at much higher temperature than the PCMs and which can be used as storage media for thermal energy storage in CSP. The following section describes the methodology being employed for the development of these capsules. The developed encapsulated PCMs have the potential to reduce the TES system costs to less than $15 /kWh th .
The proposed technique can also be used to produce encapsulated PCM capsules of different sizes and melting ranges for use in several energy storage applications such as space heating and cooling, solar cooking, solar water heating, industrial process heat, greenhouse and waste heat recovery systems. Figure 6 shows the pictorial representation of the capsules being developed. Initially porous pellets of PCMs with certain void space are fabricated. The void space will allow for the volumetric expansion during PCM melting and hence impose less stress on the shell material.
Development of Encapsulated PCM Capsules
The porous pellets are coated with the encapsulation material (or coating material) using low cost coating techniques. The developed capsules can be used in one tank TES systems as shown in 
Selection of PCMs
The PCM material can be selected depending on the melting temperature, latent and sensible heat capacities, thermal stability, mechanical stability, cyclic property degradation, heat transfer characteristics, and cost. It is important that the thermophysical properties be measured accurately as they will affect the heat stored in the system and its performance. The properties that were measured are the melting point, latent heat and thermal conductivity of individual PCMs, the porosity of the fabricated pellets, coating thickness of the encapsulated pellet, and chemical compatibility of the coating material and the PCM.
Different high temperature salts/eutectic salt mixtures that melt that were considered and their latent heat and melting points were measured using differential scanning calorimetry (DSC) and thermal gravimetric analyzer (TGA) (SDT-600 from TA Instruments). Characterization results for some of the salts considered are shown in Table 4 . It can be observed from the table that there is a large difference between the measured and published values of latent heats of the materials, which can be due to:
 Purity of the sample;
 Presence of moisture in the case of hygroscopic materials. Hence, for accurate characterization of PCMs such as salts and salt eutectics, proper procedures must be followed, such as dehydration of individual components before preparing the eutectic, elimination of moisture from the sample, and DSC characterization in inert environment.
For encapsulation and other thermal measurements, sodium nitrate was used as the PCM.
Thermal conductivity of this PCM (NaNO 3 ) was measured using Linseis XFA500 and the result obtained was 0.56 W/m.K, which was comparable to literature value of 0.6 W/m.K [28] .
Preparation of PCM Pellets
Once the PCM is selected, fabrication of pellets with required void space is important.
Two different manufacturing methods were considered for preparation of porous pellets. The first procedure is called wet granulation through agglomeration that can produce pellets of different sizes. In this process, a liquid solution or a granulating fluid is added to powders resulting in the massing of a mix of dry primary powder particles to form large sized particles. The fluid contains a solvent which must be non-toxic yet volatile so that it can be removed by drying. Typical liquids include water, ethanol and isopropanol either alone or in combination. The second procedure used for preparation of pellets is the table press method, which is similar to the briquetting process in which dry powder is pressed between dies to produce pellets of required shape and size. One advantage of this method is that it does not require binders and hence is suitable for PCMs that are hygroscopic.
For pellet fabrication, sodium nitrate is used as the PCM and its volume expansion coefficient is around 10.7% [28] . Figure 8 shows the NaNO 3 pellets made in two different geometries namely, cylinders and spheres. Cylindrical pellets were made using appropriate dies in a bench top power press (ranging from 13 to 30 mm diameter). The spherical pellets of different diameters (2mm to 10mm) were formed using the Mars Minerals disc pelletizer. Porosity of the pellets fabricated using the above two methods was measured with the aid of the Sartorius YDK01MS apparatus. The porosity of the spherical pellets obtained from the pelletizer varies from 22 to 29%. Porosity of the pellets made using the tablet press method, was found to be between 1% to 5% depending on the pressure applied in the press and the diameter of the die. Since this porosity is not sufficient to account for PCM expansion during phase change, the procedure was modified and two different pellets were joined to form one pellet with the required void space (between 20-35%) between them. Both spherical and cylindrical shaped pellets were made ( Figure 9 ). The extra space also allows for expansion of air during melting. 
Encapsulation
There are several ways to encapsulate materials, such as precipitating the hard coat from the continuous phase via suspension polymerization, interfacial polymerization, spray-drying, membrane emulsification, electroless metal coating, and ceramic coating. At present, high temperature PCMs can be encapsulated in metallic cans; however, the costs of such encapsulation are high and unlikely to yield a system cost of less than $21/kWh th . The novel encapsulation method developed at USF involves encapsulation of PCMs with melting points between 300 0 C -450 0 C, such as NaNO 3 in a metal oxide (SiO 2 ).
The encapsulation process involves the following steps:
1. Coat the pellet with a precursor (stable to 500 Capsules were made using the above procedure and tested for cyclic stability. The process is being modified to achieve uniform coatings and improve cyclic stability of the capsules.
Conclusions
Thermal Energy Storage can not only overcome the intermittency of solar energy resource, but it can reduce the LCOE by as much as 20% with the current costs of TES systems and by more than 30% if the costs of TES is reduced to $10/kWh th . Ongoing research at USF is developing a system based on macro-encapsulated PCM, which has the potential to reduce the cost of TES to less than $15/kWh th . This development is based on an industrially scalable encapsulation technique. The process is being optimized in order to implement it successfully at a large scale.
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